Just over two billion years ago, basaltic magma intruded rocks of the PonyMiddle Mountain Metamorphic Suite and the Indian Creek Metamorphic Suite that now crop out in the Tobacco Root Mountains of Montana near the northwestern margin of the Wyoming province. Numerous examples can be found of mafi c dikes that crosscut layering and gneissic banding, demonstrating that the host rocks were metamorphosed to form the gneissic texture prior to intrusion of the dikes. Although many of the intrusions appear to be sills that followed compositional layering, close inspection reveals low-angle discordance in nearly every case, consistent with rotation of dikes by shearing into nearly layer-parallel orientations. The mafi c dikes do not intrude the adjacent Spuhler Peak Metamorphic Suite, which we interpret to mean that the Spuhler Peak Metamorphic Suite was not present at the time of intrusion. These dikes and sills were metamorphosed along with their host rocks during the Big Sky orogeny, a major orogenic event at 1.77 Ga that is documented in this volume. The fi ne-grained, garnet-bearing, rusty-weathering metamorphosed mafi c dikes and sills (MMDS) generally have a distinctive appearance in the fi eld. Some MMDS were clearly folded or boudinaged during metamorphism, but many show only weak foliation and still have sharp contacts with their host rocks. A decrease in grain size commonly occurs on the margins of the MMDS and is believed to be a metamorphic texture that developed from the chilled margins of intrusions into cold rocks.
INTRODUCTION
One of the most striking and important features of the metamorphic rocks of the Tobacco Root Mountains is the widespread occurrence of metamorphosed mafi c dikes and sills (MMDS). These fi ne-grained, dark rocks are easily noticed where they sharply truncate the metamorphic banding of light-colored, quartzofeldspathic gneisses (Fig. 1) . From a distance, they appear to be unmetamorphosed basalt. However, upon closer examination, the presence of fi ne-grained garnet crystals reveals that these ancient intrusions have also been metamorphosed. Because the MMDS clearly postdate the metamorphism that produced the gneissic banding they crosscut, but predate the metamorphism that produced the garnet crystals they contain, the timing and nature of MMDS intrusion are critical features of the Precambrian history of the Tobacco Root Mountains.
The MMDS intrude the two major suites of metamorphic rocks that constitute the bulk of the Precambrian rocks of the Tobacco Root Mountains in the northwestern Wyoming province. The host rocks are (1) the Indian Creek Metamorphic Suite and (2) the Pony-Middle Mountain Metamorphic Suite. These units are described in detail by Burger (2004, this volume, Chapter 1) and throughout this volume. Monazite dating (Cheney et al., 2004b, this volume, Chapter 8) and zircon dating (Mueller et al., 2004, this volume, Chapter 9) demonstrate that these rocks were metamorphosed at 2.45 Ga and at 1.77 Ga. The Indian Creek Metamorphic Suite consists of rocks that are clearly metasediments, including marble and iron formation, but also includes rocks that are meta-igneous, including amphibolite. The Indian Creek Metamorphic Suite rocks were called Cherry Creek metamorphic rocks by Reid (1963) and others. The Pony-Middle Mountain Metamorphic Suite consists principally of quartzofeldspathic gneisses and hornblende amphibolites. These are the rocks that Reid (1963) and others have called Pony metamorphic rocks. The MMDS do not intrude a third important rock package, the Spuhler Peak Metamorphic Suite, which is a mafi c unit that consists principally of amphibolite and Ca-depleted amphibolite, with lesser quartzite and aluminous schist. These are the rocks that Gillmeister (1972) called the Spuhler Peak Formation. The map distribution of the host rocks in the central Tobacco Root Mountains is shown in Figure 2. The MMDS are too small to appear on a map of this scale, but they are widely distributed throughout the Indian Creek and Pony-Middle Mountain Metamorphic Suites. There is no persistent map-scale orientation of the MMDS because they have been deformed and reoriented along with their host rocks.
Many previous workers have recognized the unique character of the MMDS and the constraints they provide for the geologic history of the Tobacco Root Mountains. Tansley et al. (1933) observed "dark dikes and sills" that crosscut the other metamorphic rocks. Reid (1963) emphasizes the "metabasalt dikes and sills" as an important time marker in his sequence of metamorphic and deformation events. Cordua (1973) and Hanley (1975) each devote a chapter of their Ph.D. theses to the MMDS, which they call "metabasites," and both obtained several whole-rock chemical analyses of them. Vitaliano et al. (1979; see reprinted map and text accompanying this volume) show a number of the larger MMDS occurrences as "orthoamphibolites" on their geologic map of the southern Tobacco Root Mountains. Hanley and Vitaliano (1983) provide petrographic details for the "Archean mafi c dikes" or "metabasites." Prismatic zircon grains within the MMDS yield a weighted mean 207 Pb/ 206 Pb age of 2.060 ± 0.006 Ga, which is interpreted to be the age of intrusion (Mueller et al., 2004, this volume, Chapter 9) . A second population of smaller, rounded zircon grains have an error-weighted mean geochemical study of the rocks in the vicinity of Noble Lake. Harris (1998) presented whole-rock chemical data for 14 MMDS samples collected at localities across the Tobacco Root Mountains. These data, along with the wet chemical analyses of Cordua (1973) and Hanley (1975) , are consistent with a subalkaline, tholeiitic basalt protolith for the MMDS. The MMDS show a considerable range of enrichment in iron and incompatible elements. We argue here that the chemical variations can be attributed to extensive fractional crystallization of plagioclase, orthopyroxene, and clinopyroxene in the magmatic source of the MMDS.
FIELD RELATIONS
The MMDS of the Tobacco Root Mountains have a characteristic fi eld appearance that permits all but the thinnest of them to be distinguished from other dark metamorphic rocks. Most MMDS features have been described by previous workers and we will use some of their words to aid this description. Perhaps the most distinctive MMDS are those dikes that "… cut across layering in surrounding gneisses at high angles" (Hanley and Vitaliano, 1983 ) (see Fig. 1 ). Indeed, because the textures and mineralogy of MMDS that have been hydrated can be similar to those of mafi c layers in the host gneisses, crosscutting contacts are the only guarantee that a mafi c unit is a MMDS. This is true for sills as well as dikes. "Close examination of what appear to be sills generally reveals low-angle discordance to gneissic layering" (Hanley and Vitaliano, 1983 ) (see Fig. 3 ). "They are parallel or nearly parallel to the schistosity of the enclosing rocks, locally cutting it at angles of 1-10°" (Reid, 1963) . Apparently the fracturing that permitted the intrusion of these sills was not limited to layer-parallel breaks, which is consistent with emplacement into cold rocks that had previously been metamorphosed to high grade. Rotation by shearing during metamorphism may have reduced signifi cantly the contact angle of the MMDS, causing more of them to appear sill-like (Passchier et al., 1990, p. 79) .
The MMDS "… are dark rocks, weathering a characteristic dark mottled brown. They are generally resistant to erosion and stand out in sharp relief relative to the amphibolitic and quartzofeldspathic country rock. Individual intrusives are not large; dikes rarely extend for more than 750 m and generally do not exceed 7-8 m in thickness" (Cordua, 1973, p. 94) . MMDS "… are fi ne-to medium-grained and dark brown to black; they have granoblastic, clustered granoblastic, and microfl aser textures" (Vitaliano et al., 1979) . Many have distinctive, small (≤1 mm across) garnet crystals that are visible in hand sample and are unlike the larger and less numerous garnet crystals of host rock mafi c layers. Other minerals commonly visible include white plagioclase and black clinopyroxene and hornblende. Amphibole and biotite are more abundant near the margins of the MMDS, which indicates that during metamorphism more water was able to reach the margins than the middle of the MMDS. Unlike many unmetamorphosed basalts, the MMDS do not attract a magnet; ilmenite is the major oxide phase. Modal variations are summarized in Hanley and Vitaliano (1983) . Figure 3 . A: Metamorphosed mafi c dikes and sills (MMDS) outcrop as dark sills in these Pony-Middle Mountain Metamorphic Suite gneisses in a cliff wall southwest of Middle Mountain. The mafi c sills truncate the gneissic banding at low angles. One of the sills thins dramatically where the other sills have a nearly constant thickness, so this may be due to original intrusive thickness rather than deformation. B: Close-up of a thin MMDS sill that outcrops near Noble Lake showing a low-angle discordance with the adjacent layering.
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Although the MMDS have been metamorphosed to at least the upper amphibolite facies, remnants of primary igneous features can still be seen in outcrop. For example, contacts between the MMDS and their host rocks are invariably sharp. The margins of the MMDS are likely to be fi ne-grained relative to their centers, with metamorphic minerals apparently mimicking the grain size distribution in an igneous protolith with chilled margins and a coarser, more slowly cooled center (Fig. 4) . Hanley and Vitaliano (1983) suggest that there are "… relict phenocrysts of plagioclase, and less commonly of hypersthene and augite…." In several places, a second, younger MMDS has intruded an older MMDS. In all cases we examined, the younger dike was narrow and fi negrained relative to the wider, coarser-grained dike being intruded (Fig. 5 ). These features suggest that the host MMDS was relatively cool by the time a second dike appeared. "Locally, the sills enclose xenoliths of gneiss or amphibolitic granulite" (Reid, 1963) . In some of the widest MMDS, metamorphic textures mimicking primary igneous layering can be observed (Fig. 6) . The preservation Figure 6 . A layered texture in a metamorphosed mafi c sill (MMDS) outcrop of a thick sill with coarse grain size in Spuhler Gulch. The layers are defi ned by a concentration of mafi c minerals at the bottom. This texture is believed to be the result of compositional variations that resulted from crystal settling during slow crystallization of the original sill. Hammer head is 12 cm long. . The contact between a coarse-grained metamorphosed mafi c sill (MMDS) in Sunrise Basin and a later, fi ne-grained MMDS dike. Both MMDS rocks consist of the same minerals. Clusters of white plagioclase crystals are visible in both rocks, but garnet and pyroxene crystals in the fi ne-grained dike are too small to be seen in the photo. The contact is located just to the left of the pocketknife, which is included for scale.
of igneous textures in these high-grade metamorphic rocks may be due to a lack of water during metamorphism, both in the basalt dikes and in the host rocks that were previously metamorphosed.
The igneous features described above have survived significant deformation of the MMDS during metamorphism. "Foliation and lineation exist to varying degrees in most…" MMDS (Hanley and Vitaliano, 1983 ) (see Fig. 4 ) and may be parallel to their contacts with the rocks they intruded, instead of parallel to the foliation in those rocks. These fabrics are visible in outcrop principally due to the color contrast of clusters of small, white plagioclase crystals and their matrix. "Many of the dikes have been sheared, folded, or intruded by pegmatite dikes" (Vitaliano et al., 1979) (Hanley and Vitaliano, 1983) . Fold axes for MMDS folds are parallel to the axes of folds in their host rocks, indicating that both the MMDS and their host rocks were deformed together during the 1.77 Ga metamorphism (see Harms et al., 2004a, this volume, Chapter 10) .
Finally, MMDS intrude both the Pony-Middle Mountain and Indian Creek Metamorphic Suites, but neither we nor any previous worker has found a MMDS in the Spuhler Peak Metamorphic Suite, even though MMDS crop out within a few meters of the suite's contact (Gillmeister, 1972) . The Spuhler Peak Metamorphic Suite is composed predominantly of mafi c rocks and many of these rocks have chemical compositions similar to those of the MMDS (see Burger et al., 2004, this volume, Chapter 3) . Nevertheless, we did not observe any crosscutting features for rocks in the Spuhler Peak Metamorphic Suite that would make them candidates to be 
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MMDS. Gillmeister (1972) suggested that the MMDS might be feeder dikes for some of the Spuhler Peak Metamorphic Suite. Although this is permitted by the chemistry of the MMDS, it is not consistent with other evidence that has been interpreted to suggest a marine setting for the origin of the Spuhler Peak Metamorphic Suite (Burger et al., 2004, this volume, Chapter 3) in contrast with the continental setting that we propose for the MMDS.
WHOLE-ROCK CHEMISTRY
The chemical compositions of the MMDS may be used to demonstrate important features of their igneous origins with implications for the history of the Tobacco Root Mountains. The available data include 23 whole-rock chemical analyses of MMDS obtained as part of our study (Jacob, 1994; Harris, 1998; Brady et al., 1998) and 16 whole-rock chemical analyses of MMDS from unpublished Ph.D. theses (Cordua, 1973; Hanley, 1975 ) (see Table 1 ). Chemical analyses were obtained using a variety of analytical techniques at several laboratories. Cordua (1973) and Hanley (1975) obtained only major element data using standard wet chemical procedures described in those theses. Major elements and some trace elements were determined using X-ray fl uorescence equipment at the University of Massachusetts (Jacob, 1994) and at Franklin and Marshall College (Harris, 1998) . Analytical procedures are described in Rhodes (1996) and Mertzman (2000) , respectively. Many of the trace element data were determined using nuclear activation analysis at the Oregon State University Radiation Center (Harris, 1998) , following procedures described at http://ne.oregonstate.edu/facilities/radiation_center/naa2.html, or at Boston College (Jacob, 1994) following procedures described in Cardoza et al. (1990) . In all cases, chemical analyses are reported on an anhydrous basis with total iron given as FeO. We believe that the robustness of the data is demonstrated by the consistency of results obtained from the different laboratories.
Based on their major element chemistry, the protoliths of the MMDS were subalkaline, tholeiitic basalts (Fig. 9) . Nearly all samples have SiO 2 contents between 48% and 52% by weight, with the alkali sum Na 2 O + K 2 O less than 4%. However, the molar ratio MgO/(MgO + FeO) is more variable, ranging from 0.65 to 0.33. TiO 2 , P 2 O 5 and a number of trace elements (e.g., Zr, Nb, Ce, Nd) vary by a factor of four or more. These and other data are consistent with signifi cant fractional crystallization in the evolution of the MMDS magmas.
Although the weight percents of both TiO 2 and P 2 O 5 cover a wide range of values (Table 1) , the ratio TiO 2 /P 2 O 5 is nearly constant for the MMDS data set (Fig. 10) . We interpret this to mean that (1) the MMDS do indeed have a common magmatic origin, (2) both TiO 2 and P 2 O 5 are largely incompatible with the fractionating minerals, and (3) either TiO 2 or P 2 O 5 can be used as a normalizing component to explore quantitatively the chemical evolution of the MMDS (Pearce, 1968) . For example, the Mg# (molar Mg/(Mg + Fe)) is plotted in Figure 11 as a function of MgO/TiO 2 . If TiO 2 is a highly incompatible component, then both the Mg# and the value of MgO/TiO 2 should decline during fractional crystallization, which they do. Indeed, the largest value of both TiO 2 and P 2 O 5 is fi ve times the smallest value, indicating that as much as 80% of the original liquid was removed by fractional crystallization if there was a single magmatic source of the MMDS. Like the Stillwater intrusion, where Fe-Ti oxides appear only in the uppermost exposed layers, it appears that Fe-Ti oxides were not stable during the fractional crystallization sampled by these dikes. We have used Mg#, MgO/TiO 2 , SiO 2 /TiO 2 , or a largely incompatible element such as Zr or P 2 O 5 as a measure of the degree of fractional crystallization on various composition diagrams, with essentially the same result.
Several lines of evidence can be used to identify the minerals that were removed from the MMDS source by fractional crystallization. Olivine is commonly an early crystallizing phase for basalts, but the MMDS chemistry appears to span a fractionation history that postdates the importance of olivine. For example, there is no clear correlation between Ni and MgO, which would be expected if there were signifi cant olivine fractionation (Fig. 12) . Also, the SiO 2 content stays approximately constant as the TiO 2 content increases, instead of the increase of SiO 2 that normally accompanies removal of signifi cant olivine (Fig. 13) . Al 2 O 3 , CaO, and MgO all decrease as the Mg# decreases (Fig. 14) . Plagioclase fractionation is the likely cause of the decrease of Al 2 O 3 . Because the value of CaO/Al 2 O 3 is nearly constant (Fig. 15) , it is unlikely that clinopyroxene is particularly important. Therefore, we are left with a low-Ca pyroxene as the best fractionation candidate to explain the variation in MgO (and Mg#).
The plausibility of fractional crystallization of various combinations of olivine, orthopyroxene (or pigeonite), plagioclase, and clinopyroxene was also tested using the procedures of Stanley and Russell (1989) with TiO 2 as the normalizing component and SiO 2 /TiO 2 as the index of fractionation. Results of several models are shown in Figure 16 . Each test is designed so that if all of the variation of SiO 2 /TiO 2 in the liquid could be explained 
Na O+K O MgO
FeO* C a l c -A l k a l i n e T h o l e i i t i c Cordua (1973) Hanley (1975) Harris (1998) Jacob (1994) 2 2 Figure 9 . Metamorphosed mafi c dikes and sills analyses in weight percent oxides are shown on the AFM diagram of Irvine and Baragar (1971) . FeO* means that all iron is plotted as FeO. The data show a tholeiitic fractionation trend of iron enrichment at constant alkalis. Cordua (1973) Hanley (1975) Harris (1998) Jacob (1994) Figure 10. Weight percent P 2 O 5 vs. weight percent TiO 2 for the metamorphosed mafi c dikes and sills samples listed in Table 1 . With the exception of three samples, all fall very close to a straight line that passes through the origin. These data are consistent with both TiO 2 and P 2 O 5 being largely incompatible with any fractionating minerals and with P 2 O 5 being slightly more incompatible than TiO 2 . Mg / (Mg+Fe) (molar ratio) Cordua (1973) Hanley (1975) Harris (1998) Jacob ( Figure 12 . Ni content in parts per million is shown as a function of MgO content in weight percent. The absence of correlation between these numbers is interpreted to mean that olivine is not an important fractionating phase in the evolution of metamorphosed mafi c dikes and sills magmas represented by these samples. by the crystallization of the named minerals, the chemical data would plot on a line with a slope of one (Stanley and Russell, 1989) . Fractional crystallization of olivine could explain only a small portion of the observed change in SiO 2 /TiO 2 (slope = 0.2), whereas fractional crystallization of orthopyroxene could account for 40% of the change in SiO 2 /TiO 2 (slope = 0.4). Plagioclase crystallization can account for half of the change in SiO 2 /TiO 2 (slope = 0.5). So removal of primarily orthopyroxene and plagioclase is consistent with this alternative test. A test for the combination orthopyroxene (or pigeonite) + plagioclase + clinopyroxene yields a slope of one. This result does not rule out the possibility of olivine as a fractionating phase, but it is likely that the crystallization of olivine is minor relative to the other three minerals.
Trace element data support this conclusion. The proportion of nearly all trace elements increases as Mg# decreases, probably because their bulk distribution coeffi cients are all less than one. However, those trace elements that have higher distribution coeffi cients for orthopyroxene or plagioclase or clinopyroxene show less increase than elements that are less compatible with those minerals. These include Sc, Co, and Zn (orthopyroxene-GERM Kd Database http://earthref.org/databases/KDD/index.html), Ga, Eu, and Pb (plagioclase-Dunn and Sen, 1994; Kravuchuk et al., 1981; Paster et al., 1974), and Sc, V, and Y (clinopyroxene-Paster et al., 1974; Jenner et al., 1994; Skulski et al., 1994) . Sr variation is scattered, although it should be incorporated into plagioclase during fractionation (Matsui et al., 1977; McKenzie and O'Nions, 1991) . Cr and Ni, elements that have large distribution coeffi cients for olivine (Nabelek, 1980; Klöck and Palme, 1988; Villemant et al., 1981) , show a much larger and less systematic percentage change in value. We believe that this observation is consistent with little fractional crystallization of olivine in the range of MMDS magmas.
Analyzed REEs for the MMDS from Harris (1998) are shown on a chondrite-normalized spider diagram (Nakamura, 1974) in Figure 17 . All samples have REE values that are at least ten times chondritic abundances, which is expected for mantle-derived basalts. For most MMDS samples, the LREEs are enriched relative to the HREEs. These REE trends are similar to those of continental tholeiites. Transitional to subalkalic tholeiites of the Rio Grande Rift and the East African Rift in Ethiopia have REE patterns like those of Figure 17 (Wilson, 1989, p. 360) . Although fractional crystallization of orthopyroxene and clinopyroxene could be responsible for some LREE enrichment, we believe that the REE data are consistent with the continental rift setting indicated by the fi eld relations of these dikes.
DISCUSSION
The MMDS provide key evidence for the interpretation of the geologic history of the Precambrian rocks of the Tobacco Root Mountains. They intrude the Indian Creek and Pony-Middle Mountain Metamorphic Suites, but they do not intrude the adjacent Spuhler Peak Metamorphic Suite. We interpret the absence of the MMDS in the Spuhler Peak Metamorphic Suite to mean that the suite was not present at the time of intrusion. The MMDS cut across the 2.45 Ga foliation of the Indian Creek and Pony-Middle Mountain Metamorphic Suites (Cheney et al., 2004b, this volume, Chapter 8) and have metamorphic textures that appear to identify initial chilled margins. We interpret this evidence to mean that the MMDS were intruded into cool continental crust consisting of Indian Creek and Pony-Middle Mountain Metamorphic Suites rocks, well after the 2.45 Ga metamorphism that produced the crosscut foliation. A plausible scenario would be intrusion during rifting that produced a passive continental margin to the Wyoming province west of the current location of the Tobacco Root Mountains. Euhedral zircons in the MMDS date their intrusion, and therefore this proposed rifting, at 2.06 Ga (Burger et al., 1999; Mueller et al., 2004, this volume, Chapter 9) . Closing of the ocean basin created during the rifting led to emplacement of the Spuhler Peak Metamorphic Suite, tectonic mixing of slivers of orthopyroxene cumulate rocks that may have been produced during fractional crystallization of MMDS magmas, deformation of all units together, and the high-grade metamorphism of all units. The continental scale of this collision is documented by the upper amphibolite to granulite facies metamorphic conditions required to produce the MMDS mineral assemblage garnet + clinopyroxene + plagioclase + ilmenite + quartz ± orthopyroxene ± hornblende (Cheney et al., 2004a, this volume, Chapter 6) . Recognizing the scale of this event, Harms et al. (2004b, this volume, Chapter 11) have called it the Big Sky orogeny. Mueller et al. (2004, this volume, Chapter 9) and Cheney et al. (2004b, this volume, Chapter 8) provide zircon and monazite ages, respectively, of 1.77 Ga for the metamorphic peak of the Big Sky orogeny.
The geochemistry of the MMDS is consistent with this interpretation. They are subalkaline, tholeiitic basalts similar to basalts Rock / Chondrite that occur in modern continental rift settings. The continental rift appears to have persisted long enough for signifi cant fractional crystallization of the basalts to occur and for earlier MMDS to cool prior to intrusion by later MMDS. Plagioclase and orthopyroxene appear to be the major fractionating phases responsible for the observed chemical variations. Orthopyroxene is more likely to be in the crystallization sequence of a continental tholeiite than in an oceanic tholeiite (Campbell, 1985) . The higher silica observed in continental tholeiites may cause the fractionation path to move from olivine to the orthopyroxene reaction boundary, rather than to the clinopyroxene cotectic (in the system olivine-clinopyroxenesilica) as in oceanic tholeiites. Elevated pressure also can lead to orthopyroxene fractionation by shifting the orthopyroxene reaction curve away from silica on the same diagram. Neither more primitive nor more evolved alkaline magmas that may have been associated with the rifting occur in the Tobacco Root Mountains, although they might occur farther west closer to the center of the rift. Johnson et al. (2004, this volume, Chapter 4) demonstrate that meta-ultramafi c rocks distributed throughout the Tobacco Root Mountains are slices of orthopyroxene-rich cumulate rocks. It is geochemically possible that these cumulates resulted from the fractional crystallization of the MMDS.
Interestingly, rifting of a similar age (2.01 Ga) is postulated for the southeastern margin of the Wyoming province, where a more extensive suite of metamorphosed mafi c dikes occurs (the Kennedy dikes), including rocks with a much more primitive composition (Condie et al., 1969; Snyder et al., 1991; Cox et al., 2000) . The Kennedy dikes were also metamorphosed at ca. 1.77 Ga during the Medicine Bow orogeny. The similarities of mafi c dikes associated with continental rifting and their metamorphism during a subsequent collision is not surprising, but the near coincidence in time of these several events on opposite sides of the Wyoming province is curious indeed.
